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• Review of precision electroweak data (with correlations)

• WNC, Z-Pole (LEPEWWG averages/correlations), LEP 2, MW, mt

• Selected (correlated) flavor physics 
(gµ-2, b→sγ, hadronic τ decay)

• Complete SM radiative corrections

• MS-bar scheme (GAPP) 
(on-shell awkward for mixed QCD-EW, large mt, new physics)

• Consistent and optimal theory expressions (with correlations) 

• SM fit 

• consistency;     sin2 θW, mH, αs, mt, Δαhad

• Beyond the SM fits 

• oblique (ρ; S, T, U), model independent



New for 2010

• Reorganized (section on W and Z physics)

• New data (Tevatron MW, mt; Δαhad constraints)

• Improved theory on hadronic τ decays

• Lower αs (better agreement with other determinations)

• Improved many body calculations for atomic parity (Cs)

• Previous 2.3σ discrepancy resolved

• Theory corrections for NuTeV

• Initial 3.0σ discrepancy (major effect on BSM fits)

• A number of corrections/new effects have been identified
 (may shift central values, increase uncertainties)

• Preliminary, pending NuTeV reanalysis (need by 9/11 for next PDG)



ν-DIS

• NuTeV: initially 3.0 σ deviation

• ∫dx x [s − s̄] = 0.0020 (14) NuTeV ⟹ δs2W = −0.0014 (10)

• theory: zero crossing too early? ⟹ δs2W = −0.0007 (7)

• Ke3 = 4.82 (6)% → 5.07 (4)% (4σ) ⟹ δs2W = 0.0016

• md − mu (CSV) ⟹ δs2W = −0.0015 (3)

• QED splitting effects (CSV) ⟹ δs2W = −0.0011 (11)

• isovector EMC effect (affecting all and not just excess 
neutrons) Cloet, Bentz, Thomas ⟹ δs2W = −0.0019 (6)⟸ (!)

• QED radiative corrections Diener, Dittmaier, Hollik ~ O(1σ)



Input Data
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Table 1.5: Principal non-Z pole observables, compared with the SM best fit
predictions. The first MW value is from the Tevatron [207] and the second one
from LEP 2 [160]. The values of MW and mt differ from those in the Particle
Listings when they include recent preliminary results. g2L, which has been adjusted
as discussed in Sec. 1.3, and g2R are from NuTeV [98] and have a very small
(−1.7%) residual anti-correlation. e-DIS [123] and the older ν-DIS constraints from
CDHS [92], CHARM [93], and CCFR [94] are included, as well, but not shown
in the Table. The world averages for gνeV,A are dominated by the CHARM II [116]
results, gνeV = −0.035 ± 0.017 and gνeA = −0.503± 0.017. The errors are the total
(experimental plus theoretical) uncertainties. The ττ value is the τ lifetime world
average computed by combining the direct measurements with values derived from
the leptonic branching ratios [5]; in this case, the theory uncertainty is included in
the SM prediction. In all other SM predictions, the uncertainty is from MZ , MH ,
mt, mb, mc, α̂(MZ), and αs, and their correlations have been accounted for. The
column denoted Pull gives the standard deviations for the principal fit with MH
free, while the column denoted Dev. (Deviation) is for MH = 117 GeV fixed.

Quantity Value Standard Model Pull Dev.

mt [GeV] 173.1± 1.3 173.2± 1.3 −0.1 −0.5

MW [GeV] 80.420± 0.031 80.384± 0.014 1.2 1.5

80.376± 0.033 −0.2 0.1

g2L 0.3027± 0.0018 0.30399± 0.00017 −0.7 −0.6

g2R 0.0308± 0.0011 0.03001± 0.00002 0.7 0.7

gνeV −0.040± 0.015 −0.0398± 0.0003 0.0 0.0

gνeA −0.507± 0.014 −0.5064± 0.0001 0.0 0.0

QW (e) −0.0403± 0.0053 −0.0473± 0.0005 1.3 1.2

QW (Cs) −73.20± 0.35 −73.15± 0.02 −0.1 −0.1

QW (Tl) −116.4± 3.6 −116.76± 0.04 0.1 0.1

ττ [fs] 291.09± 0.48 290.02± 2.09 0.5 0.5

Γ(b→sγ)
Γ(b→Xeν)

(
3.38+0.51

−0.44

)
× 10−3 (3.11± 0.07)× 10−3 0.6 0.6

1
2 (gµ − 2− α

π ) (4511.07± 0.77)× 10−9 (4509.13± 0.08)× 10−9 2.5 2.5

Note, however, that the uncertainty in A
(0,b)
FB is strongly statistics dominated. The

combined value, Ab = 0.899± 0.013 deviates by 2.8 σ. It would be difficult to account for
this 4.0% deviation by new physics that enters only at the level of radiative corrections
since about a 20% correction to κ̂b would be necessary to account for the central value
of Ab [211]. If this deviation is due to new physics, it is most likely of tree-level type
affecting preferentially the third generation. Examples include the decay of a scalar
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Table 1.6: Principal Z pole observables and their SM predictions (cf. Table 1.5).

The first s2! (A
(0,q)
FB ) is the effective angle extracted from the hadronic charge

asymmetry while the second is the combined lepton asymmetry from CDF [157] and
DØ [158]. The three values of Ae are (i) from ALR for hadronic final states [152];
(ii) from ALR for leptonic final states and from polarized Bhabba scattering [154];
and (iii) from the angular distribution of the τ polarization at LEP 1. The two Aτ
values are from SLD and the total τ polarization, respectively.

Quantity Value Standard Model Pull Dev.

MZ [GeV] 91.1876± 0.0021 91.1874± 0.0021 0.1 0.0
ΓZ [GeV] 2.4952± 0.0023 2.4954± 0.0009 −0.1 0.1
Γ(had) [GeV] 1.7444± 0.0020 1.7418± 0.0009 — —
Γ(inv) [MeV] 499.0± 1.5 501.69± 0.07 — —
Γ("+"−) [MeV] 83.984± 0.086 84.005± 0.015 — —
σhad[nb] 41.541± 0.037 41.484± 0.008 1.5 1.5
Re 20.804± 0.050 20.735± 0.010 1.4 1.4
Rµ 20.785± 0.033 20.735± 0.010 1.5 1.6
Rτ 20.764± 0.045 20.780± 0.010 −0.4 −0.3
Rb 0.21629± 0.00066 0.21578± 0.00005 0.8 0.8
Rc 0.1721± 0.0030 0.17224± 0.00003 0.0 0.0

A
(0,e)
FB 0.0145± 0.0025 0.01633± 0.00021 −0.7 −0.7

A
(0,µ)
FB 0.0169± 0.0013 0.4 0.6

A
(0,τ)
FB 0.0188± 0.0017 1.5 1.6

A
(0,b)
FB 0.0992± 0.0016 0.1034± 0.0007 −2.7 −2.3

A
(0,c)
FB 0.0707± 0.0035 0.0739± 0.0005 −0.9 −0.8

A
(0,s)
FB 0.0976± 0.0114 0.1035± 0.0007 −0.6 −0.4

s̄2! (A
(0,q)
FB ) 0.2324± 0.0012 0.23146± 0.00012 0.8 0.7

0.2316± 0.0018 0.1 0.0
Ae 0.15138± 0.00216 0.1475± 0.0010 1.8 2.2

0.1544± 0.0060 1.1 1.3
0.1498± 0.0049 0.5 0.6

Aµ 0.142± 0.015 −0.4 −0.3
Aτ 0.136± 0.015 −0.8 −0.7

0.1439± 0.0043 −0.8 −0.7
Ab 0.923± 0.020 0.9348± 0.0001 −0.6 −0.6
Ac 0.670± 0.027 0.6680± 0.0004 0.1 0.1
As 0.895± 0.091 0.9357± 0.0001 −0.4 −0.4
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Table 1.7: Principal SM fit result including mutual correlations (masses in GeV).

MZ 91.1874± 0.0021 1.00 −0.01 0.00 0.00 −0.01 0.00 0.12

m̂t(m̂t) 163.5± 1.3 −0.01 1.00 0.00 0.00 −0.10 0.00 0.39

m̂b(m̂b) 4.198± 0.023 0.00 0.00 1.00 0.25 −0.04 0.01 0.04

m̂c(m̂c) 1.266+0.031
−0.036 0.00 0.00 0.25 1.00 0.08 0.02 0.12

αs(MZ) 0.1183± 0.0015 −0.01 −0.10 −0.04 0.08 1.00 0.00 −0.04

∆α
(3)
had(1.8 GeV) 0.00574± 0.00010 0.00 −0.01 0.01 0.02 0.00 1.00 −0.18

MH 90+27
−22 0.12 0.39 0.04 0.12 −0.04 −0.18 1.00

neutrino resonance [209], mixing of the b quark with heavy exotics [210], and a heavy Z ′

with family-nonuniversal couplings [212,213]. It is difficult, however, to simultaneously
account for Rb, which has been measured on the Z peak and off-peak [214] at LEP 1.
An average of Rb measurements at LEP 2 at energies between 133 and 207 GeV is 2.1 σ

below the SM prediction, while A
(b)
FB (LEP 2) is 1.6 σ low [160].

The left-right asymmetry, A0
LR = 0.15138± 0.00216 [152], based on all hadronic data

from 1992–1998 differs 1.8 σ from the SM expectation of 0.1475± 0.0010. The combined
value of A! = 0.1513± 0.0021 from SLD (using lepton-family universality and including
correlations) is also 1.8 σ above the SM prediction; but there is now experimental
agreement between this SLD value and the LEP 1 value, A! = 0.1481± 0.0027, obtained

from a fit to A
(0,!)
FB , Ae(Pτ ), and Aτ (Pτ ), again assuming universality.

The observables in Table 1.5 and Table 1.6, as well as some other less precise
observables, are used in the global fits described below. In all fits, the errors include
full statistical, systematic, and theoretical uncertainties. The correlations on the LEP 1
lineshape and τ polarization, the LEP/SLD heavy flavor observables, the SLD lepton
asymmetries, and the deep inelastic and ν-e scattering observables, are included. The

theoretical correlations between ∆α
(5)
had and gµ − 2, and between the charm and bottom

quark masses, are also accounted for.

The data allow a simultaneous determination of MZ , MH , mt, and the strong coupling

αs(MZ). (m̂c, m̂b, and ∆α
(3)
had are also allowed to float in the fits, subject to the

theoretical constraints [5,17] described in Sec. 1.1–Sec. 1.2. These are correlated with
αs.) αs is determined mainly from R!, ΓZ , σhad, and ττ and is only weakly correlated
with the other variables. The global fit to all data, including the CDF/DØ average
mt = 173.1± 1.3 GeV, yields the result in Table 1.7 (the MS top quark mass given there
corresponds to mt = 173.2± 1.3 GeV). The weak mixing angle is determined to

ŝ 2
Z = 0.23116± 0.00013, s2W = 0.22292± 0.00028,

where the larger error in the on-shell scheme is due to the stronger sensitivity to mt, while
the corresponding effective angle is related by Eq. (1.34), i.e., s2! = 0.23146± 0.00012.
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SM fit results

• SM is consistent with data (χ2/dof=43.0/44)

• mt (pole)=173.2±1.3 (176.0+8.5-7.0 from indirect alone)

• Including LEP2+ Tevatron MH limits:
MH≤(145, 149, 194) GeV at (90, 95, 99) %

• Consistent with LEPEWWG and GFitter 
(but larger data set; important for BSM)
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Figure 1.1: Scale dependence of the weak mixing angle defined in the MS

scheme [128] (for the scale dependence of the weak mixing angle defined in a
mass-dependent renormalization scheme, see Ref. 125). The minimum of the curve
corresponds to Q = MW , below which we switch to an effective theory with
the W± bosons integrated out, and where the β-function for the weak mixing
angle changes sign. At the location of the W boson mass and each fermion mass,
there are also discontinuities arising from scheme dependent matching terms which
are necessary to ensure that the various effective field theories within a given
loop order describe the same physics. However, in the MS scheme these are very
small numerically and barely visible in the figure provided one decouples quarks
at Q = m̂q(m̂q). The width of the curve reflects the theory uncertainty from
strong interaction effects which at low energies is at the level of ±7 × 10−5 [128].
Following the estimate [129] of the typical momentum transfer for parity violation
experiments in Cs, the location of the APV data point is given by µ = 2.4 MeV.
For ν-DIS we chose µ = 20 GeV which is about half-way between the averages of√

Q2 for ν and ν interactions at NuTeV. The Tevatron measurements are strongly
dominated by invariant masses of the final state dilepton pair of O(MZ) and can
thus be considered as additional Z pole data points, yielding s̄2

Z = 0.2316 ± 0.0018.
However, for clarity we displayed the point horizontally to the right.

E.g., QW (133Cs) is extracted by measuring experimentally the ratio of the parity violating
amplitude, EPNC, to the Stark vector transition polarizability, β, and by calculating
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Beyond the Standard Model

• Oblique (defined to vanish in SM)

• ρ=1.0008+0.0017-0.0007 (for S,U=0)

• S,T, U

• MH range expanded

• Little effect on other SM parameters

• Discussion of models

• Z’

• “Model independent”
(arbitrary family-universal gauge theory 
for WNC with V-A for ν)
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Table 1.10: 95% CL lower mass limits (in GeV) from low energy and Z pole
data on various extra Z ′ gauge bosons, appearing in models of unification and
string theory. More general parametrizations are described in Refs. 259,264. The
electroweak results [265] are for Higgs sectors consisting of doublets and singlets
only (ρ0 = 1) with unspecified U(1)′ charges. The CDF [266] and DØ [267] bounds
from searches for p̄p → µ+µ− and e+e−, respectively, are listed in the next two
columns, followed by the LEP 2 e+e− → f f̄ bounds [160] (assuming θ = 0). (The
Tevatron bounds would be moderately weakened if there are open supersymmetric
or exotic decay channels [268]) . The last column shows the 1 σ ranges for MH
when it is left unconstrained in the electroweak fits.

Z ′ electroweak CDF DØ LEP 2 MH

Zχ 1,141 892 800 673 171+493
− 89

Zψ 147 878 763 481 97+ 31
− 25

Zη 427 982 810 434 423+577
−350

ZLR 998 630 — 804 110+174
− 35

ZS 1,257 821 719 — 149+353
− 68

ZSM 1,403 1,030 950 1,787 331+669
−246

Zstring 1,362 — — — 134+299
− 58

combination
√
3/8Zχ −

√
5/8Zψ. The ZLR boson occurs in left-right models with gauge

group SU(3)C × SU(2)L × SU(2)R × U(1)B−L ⊂ SO(10), and the secluded ZS emerges
in a supersymmetric bottom-up scenario [261]. The sequential ZSM boson is defined to
have the same couplings to fermions as the SM Z boson. Such a boson is not expected
in the context of gauge theories unless it has different couplings to exotic fermions than
the ordinary Z boson. However, it serves as a useful reference case when comparing
constraints from various sources. It could also play the role of an excited state of the
ordinary Z boson in models with extra dimensions at the weak scale [250]. Finally,
we consider a Superstring motivated Zstring boson appearing in a specific model [262].
The potential Z ′ boson is in general a superposition of the SM Z and the new boson
associated with the extra U(1). The mixing angle θ satisfies,

tan2 θ =
M2

Z0
1
−M2

Z

M2
Z′ −M2

Z0
1

,

where MZ0
1
is the SM value for MZ in the absence of mixing. Note, that MZ < MZ0

1
,

and that the SM Z couplings are changed by the mixing. The couplings of the heavier Z ′

may also be modified by kinetic mixing [259,263]. If the Higgs U(1)′ quantum numbers
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Table 1.9: Values of the model-independent neutral-current parameters, compared
with the SM predictions. There is a second gνeV,A solution, given approximately

by gνeV ↔ gνeA , which is eliminated by e+e− data under the assumption that the
neutral current is dominated by the exchange of a single Z boson. The εL, as well
as the εR, are strongly correlated and non-Gaussian, so that for implementations we
recommend the parametrization using g2i and θi = tan−1[εi(u)/εi(d)], i = L or R.
The analysis of more recent low energy experiments in polarized electron scattering
performed in Ref. 123 is included by means of the two orthogonal constraints,
cos γ C1d − sin γ C1u = 0.342± 0.063 and sin γ C1d + cos γ C1u = −0.0285± 0.0043,
where tan γ ≈ 0.445. In the SM predictions, the uncertainty is from MZ , MH , mt,
mb, mc, α̂(MZ), and αs.

Quantity Value SM Correlation

εL(u) 0.338 ± 0.016 0.3461(1)

εL(d) −0.434 ± 0.012 −0.4292(1) non-

εR(u) −0.174 +0.013
−0.004 −0.1549(1) Gaussian

εR(d) −0.023 +0.071
−0.047 0.0775

g2L 0.3025± 0.0014 0.3040(2) −0.18 −0.21 −0.02

g2R 0.0309± 0.0010 0.0300 −0.03 −0.07

θL 2.48 ± 0.036 2.4630(1) 0.24

θR 4.58 +0.41
−0.28 5.1765

gνeV −0.040 ± 0.015 −0.0398(3) −0.05

gνeA −0.507 ± 0.014 −0.5064(1)

C1u + C1d 0.1537± 0.0011 0.1528(1) 0.64 −0.18 −0.01

C1u − C1d −0.516 ± 0.014 −0.5300(3) −0.27 −0.02

C2u + C2d −0.21 ± 0.57 −0.0089 −0.30

C2u − C2d −0.077 ± 0.044 −0.0625(5)

QW (e) = −2C2e −0.0403± 0.0053 −0.0473(5)

defined in Eqs. (1.11)–(1.14) are given in Table 1.9 along with the predictions of the
SM. The agreement is very good. (The ν-hadron results without the NuTeV data can be
found in the 1998 edition of this Review, and the fits using the original NuTeV data in the
2006 edition.) The off Z pole e+e− results are difficult to present in a model-independent
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suppressed by M2
Z/m

2
t were first studied in Ref. 71 with the help of small and large

Higgs mass expansions, which can be interpolated. These contributions are about
as large as the leading ones in Refs. 69 and 70. The complete two-loop calculation
of ∆r (without further approximation) has been performed in Refs. 72 and 73
for fermionic and purely bosonic diagrams, respectively. Similarly, the electroweak
two-loop calculation for the relation between s2! and s2W is complete [74] including
the recently obtained purely bosonic contribution [75]. For MH above its lower
direct limit, −17 < R ≤ −13.

Mixed QCD-electroweak contributions to gauge boson self-energies of order
ααsm2

t [76] and αα2
sm

2
t [77] increase the predicted value of mt by 6%. This is,

however, almost entirely an artifact of using the pole mass definition for mt. The
equivalent corrections when using the MS definition m̂t(m̂t) increase mt by less than
0.5%. The subleading ααs corrections [78] are also included. Further three-loop
corrections of order αα2

s [79], α3m6
t [80,81], and α2αsm4

t (for MH = 0) [80], are
rather small. The same is true for α3M4

H [82] corrections unless MH approaches
1 TeV. Also known are the singlet contributions (pure gluonic intermediate states) of
order αα2

s [83] and αα3
s [84]. Recently, the corresponding non-singlet contributions

have been computed as well [85].

The leading electroweak two-loop terms for the Z → bb̄-vertex of O(α2m4
t ) have

been obtained in Refs. 69 and 70, and the mixed QCD-electroweak contributions
in Refs. 86 and 87. Very recently, the authors of Ref. 88 completed the two-loop
electroweak fermionic corrections to s2b . The O(ααs)-vertex corrections involving
massless quarks [89] add coherently, resulting in a sizable effect and shift αs(MZ)
when extracted from Z lineshape observables (see Sec. @Sec.csaf@) by ≈ +0.0007.

Throughout this Review we utilize electroweak radiative corrections from the program
GAPP [90], which works entirely in the MS scheme, and which is independent of the
package ZFITTER [68].

1.3. Low energy electroweak observables

It is convenient to write the four-fermion interactions relevant to ν-hadron, ν-e, as well
as parity violating e-hadron and e-e neutral-current processes in a form that is valid in
an arbitrary gauge theory (assuming massless left-handed neutrinos). One has,

−L
νh =

GF√
2
ν γµ

(
1− γ5

)
ν
∑

i

[
εL (i) qi γµ

(
1− γ5

)
qi + εR (i) qi γµ

(
1 + γ5

)
qi
]
,(1.11)

−L
νe =

GF√
2
νµγ

µ
(
1− γ5

)
νµ e γµ

(
gνeV − gνeA γ5

)
e, (1.12)

−L
eh = −

GF√
2

∑

i

[
C1i e γµγ

5e qi γ
µqi + C2i e γµe qi γ

µγ5qi
]
, (1.13)

−L
ee = −

GF√
2
C2e e γµγ

5e e γµe, (1.14)
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Future

• Incorporate all new data, radiative corrections, 
theory

• Relevant new LHC, flavor physics, BSM

• NuTeV reanalysis (if available by 9/11)

• LEP 2  results (especially for BSM)

• Integrated Z’ analysis (precision, LEP2, Tevatron, LHC)

• Better integration with other reviews 
(e.g., QCD, quark masses, Z’)


